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RNAi of the receptor tyrosine phosphatase HmLAR2 in a single
cell of an intact leech embryo leads to growth-cone collapse
Michael W. Baker and Eduardo R. Macagno
Receptor protein tyrosine phosphatases (RPTPs) are
important for growth-cone migration [1–5], but their
specific roles have yet to be defined. Previously, we
showed that the growth cones of the Comb cell, an
embryonic cell in the leech, express high levels of an
RPTP called HmLAR2 [6,7]. Here, we report the use of
RNA interference (RNAi) to block expression of
HmLAR2 in individual Comb cells in the developing
embryo. HmLAR2 mRNA levels were reduced in the
soma, processes and growth cones of Comb cells
injected with double-stranded RNA (dsRNA) for
HmLAR2, but no decrease was detected when control
dsRNAs were injected. Consistent with this observation,
the level of phosphotyrosine increased significantly in
the growth cones of Comb cells injected with HmLAR2
dsRNA. Within 24 hours, the growth cones of treated
cells showed a distinct collapsed phenotype, with sharp
reductions in lamellipodial surface area and in numbers
of filopodia. These experiments indicate a key role for
LAR-like RPTPs in maintaining the integrity of the
growth cone.
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Results and discussion
Previous studies have shown that HmLAR2 protein is dis-
tributed throughout the surface of the Comb cell
(Figure 1a), including the soma and processes but is par-
ticularly concentrated within the growth cones and filopo-
dia [6,7]. HmLAR2 mRNA was also found ubiquitously
distributed within Comb cells, and was clearly present
within their multiple growth cones (Figure 1b). This
unusual distribution of the mRNA suggested that
HmLAR2 expression might be locally regulated at the
growth cone and, thus, important to its functions. To test
this, we knocked down the expression of HmLAR2 using
RNAi (reviewed in [8]), which has been used to interfere
with the expression of specific embryonic genes in
diverse animal systems [9–11]. The large soma size and
accessibility of the Comb cells in intact embryos allowed
us to pressure-inject dsRNA directly into individual
Comb cells in the germinal plate in a lightly anaes-
thetized animal, without having to open it up in any way.
To ensure specificity of interference with expression in
these experiments, the injected dsRNA corresponded to
only a portion of the extracellular domain of HmLAR2.
Compared with the uninjected contralateral homologs,
Comb cells consistently showed a significant reduction of
hybridizable HmLAR2 mRNA 12 hours after injection
(data not shown). After a further 24–36 hours, all of the
injected cells examined had little or no discernible
message in any region of the cell, as determined by in situ
hybridization (Figure 1c,d; n = 5). To confirm that this
reduction was specific to the HmLAR2 dsRNA, Comb
cells were also injected with dsRNA for a leech ortholog of
Netrin [12]. All netrin-injected cells showed strong
staining for HmLAR2 mRNA and were indistinguishable
from the contralateral, uninjected Comb cells (Figure 1e,f;
n = 6). In contrast, when netrin-expressing cells in the
embryo, the ventral longitudinal muscle fibers, were
injected with netrin dsRNA, a swift and potent loss of
netrin mRNA staining resulted (Figure 2a,b). Conversely,
no changes in netrin mRNA staining were evident follow-
ing single-cell injections of HmLAR2 dsRNA into ventral
muscle fibers (Figure 2c,d). 
These results demonstrate that dsRNA injections into
individual post-mitotic cells of the embryonic leech can
produce a selective knockdown of gene expression. We
also attempted to inject HmLAR2 dsRNA extracellularly
into the embryonic cavity separating the developing ger-
minal plate and the yolk. This approach also diminished
HmLAR2 mRNA expression in the Comb cells, provided
the injection was done early enough in development
(data not shown). It appears, therefore, that dsRNA
readily enters leech embryonic cells across cellular
boundaries, as has been shown to occur in other systems
[10,13]. Unlike intracellular injections, however, extracel-
lular injections were characterized by much higher vari-
ability in the degree of mRNA knockdown, and, hence,
only the results of intracellular injection of dsRNA are
presented here.
We could not test directly whether the experimentally
induced loss of HmLAR2 mRNA was accompanied by a
corresponding loss of HmLAR2 protein, as we have
exhausted our supply of the antibodies to this protein.
Instead, we examined the level of phosphotyrosine in
treated cells with an antiserum that recognizes phosphoty-
rosine, reasoning that if the reduced level of mRNA was
accompanied by a rapid turnover of the HmLAR2 protein,
the loss of an abundant phosphatase may result in a visible
change in phosphoprotein levels at the growth cones.
Comb cells displayed visibly higher level of phosphotyro-
sine immunoreactivity 48 hours after RNAi treatment,
compared with adjacent untreated Comb cells and Comb
cells injected with netrin dsRNA (Figure 3). This increase
was most pronounced within the growth cones of treated
Comb cells (compare Figure 3b with Figure 3d), where
high levels of HmLAR2 mRNA are normally found. This
observation supports the conclusions from in situ
hybridizations that the injection of HmLAR2 dsRNA into
a Comb cell knocks down the expression of the RPTP. 
The processes and growth cones of Comb cells showed
distinctly abnormal phenotypes following injection of
HmLAR2 dsRNA into the cell body, including what
appeared to be a significant structural collapse of the
growth cones. Within 12 hours of dsRNA injection,
affected processes and growth cones were characterized by
narrow width, fewer filopodial extensions and a visibly
reduced lamellipodial area relative to controls
(Figure 4a,b). At 24 hours, processes and growth cones
remained narrower, and the filopodia were shorter and
much thinner than in Comb cells injected with control
dsRNA (Figure 4c,d). Lamellipodia were essentially
absent by this time. Moreover, many processes showed
aberrant branch points and crossing-over errors, naviga-
tional errors that are seldom seen in normal Comb cell
development [6,14]. Control cells injected with netrin
dsRNA had normal growth cone morphologies, and were
indistinguishable from cells injected with only the injec-
tion buffer and fluorescein–dextran or rhodamine–
dextran. Finally, it should be emphasized that these
Comb cell aberations could be the result of either partial
or complete loss of receptor protein function. 
It is likely that this abnormal growth cone phenotype
results from increased instability and depolymerization of
the actin meshwork near the plasma membrane and of the
actin cables normally found in lamellipodia and filopodia.
Morphological changes such as those reported here have
been observed in the growth cones of different cultured
neurons, which collapse in response to a variety of factors
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Injection of HmLAR2 dsRNA into individual Comb cells reduces the
level of HmLAR2 message detected in these cells. (a) Dye fill of a
single Comb cell in the midbody of a 10 day embryo of Hirudo
medicinalis. Note the elongated cell body (the nucleus resides in the
wider central region) and the many processes extending laterally and
anterior (to the right) and medially and posterior (to the left). (b) In situ
hybridization with a HmLAR2 probe on a normal embryo. Note the high
signal level in the soma, as well as the signal in the processes all the
way out to and into the growth cones (arrows). Hybridization signal in
adjacent segmental homologs is discernible beyond the featured cell
(boundaries marked by arrowheads), as well as in the processes of
contralateral homologs (right side of image). (c) Fluorescent and
(d) transmitted light images of a Comb cell (arrowhead) that was
injected 24 h earlier with HmLAR2 dsRNA and rhodamine–dextran, and
its untreated contralateral homolog (arrow). (d) In situ hybridization
showed a clear signal in the untreated cell (arrow) whereas little or no
signal could be seen in the treated cell (arrowhead). Note the
processes of the anterior segmental homolog of the treated cell at top
left. (e,f) Same as (c,d), but the experimental cell was injected with
netrin dsRNA as a control. The injected cell clearly hybridized with the
HmLAR2 probe (arrowhead in panel f) 24 h after the injection and
serves as a control. The contralateral homolog (arrow) is in a slightly
different plane and thus appears out of focus in these images, though
the hybridization signal can be seen. The scale bar represents 100 µm.
[15–17]. Collapsin-1 (chick Sema3A), for example, causes
the disappearance of lamellipodia and most filopodia [17]
from cultured dorsal root ganglia growth cones as a conse-
quence of a net loss of filamentous actin (F-actin) at the
leading edge [15]. 
Our finding that HmLAR2 is involved in the maintenance
of the cytoskeleton in the growth cones of Comb cells
complements the observations reported in several studies
of RPTP function in Drosophila. Motor-axon guidance
decisions along peripheral nerves in Drosophila are sensi-
tive to mutations in several RPTPs, including DLAR,
PTP99A and PTP69D [1,2,18]. Mutations in any one of
these RPTPs lead to an increased failure of motor axons
to defasciculate from particular peripheral nerve tracts.
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Figure 2
Injection of netrin dsRNA into individual longitudinal muscle fibers
eliminates netrin mRNA labeling. To further demonstrate the specificity
of single-cell RNAi injections, individual netrin-expressing [12]
embryonic ventral longitudinal muscle fibers were injected with either
dsRNA for (a,b) Netrin or (c,d) HmLAR2. (b,d) After injection (24 h),
embryos were fixed and processed for in situ hybridization using a
digoxygenin-labeled netrin riboprobe. (a,c) Corresponding fluorescent
images showing location of dye-filled muscle cells. Cells receiving the
netrin dsRNA injection showed no (n = 10) to little (n = 2) visible
mRNA staining. Conversely, cells injected with HmLAR2 dsRNA
showed no discernible change in netrin mRNA staining (n = 15).
The scale bar represents 50 µm.
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Figure 3
Injection of HmLAR2 dsRNA leads to increased phosphotyrosine
immunoreactivity in the processes and growth cones of Comb cells.
(a,c) Merged confocal z-series of images showing rhodamine–dextran
dye injections (red) together with phosphotyrosine immunoreactivity
(green) in (a) an uninjected cell and (c) in a cell 48 h after injection of
HmLAR2 dsRNA. (b,d) Images corresponding to those in (a,c), but
showing only the phosphotyrosine immunoreactivity. (b) In an
uninjected cell, the phosphotyrosine immunoreactivity was very low but
still detectable. (d) In the injected cell, the collapsed growth cones
showed a considerable increase in phosphotyrosine levels. The scale
bar represents 10 µm.
(a) (b)
(c) (d)
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Figure 4
Growth cones from HmLAR2 RNAi-treated
cells show a decrease in the numbers and
lengths of filopodia and in lamellipodial area.
Close-up view of growth cones (a,b) 12 h and
(c,d) 24 h after injection of dsRNA for (a,c)
Netrin or (b,d) HmLAR2. (b) Growth cones
from cells injected with HmLAR2 dsRNA
showed a considerable loss of lamellipodial
area as well as shorter and fewer filopodia.
Additionally, numerous points of intersection
between adjacent processes were seen,
suggesting a loss of the normal mechanism
required for maintaining parallel, non-
overlapping arrays. (d) Lamellipodia have
continued to recede, so that the processes
appeared only as stalks with short and very
fine filopodia. The scale bar represents 20 µm.
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Interestingly, multiple mutations that affect more than
one of these RPTPs lead to stalling of many motor axons,
and to growth cones acquiring a ‘club-like’ appearance
[18] not unlike that reported here for growth cones of the
Comb cell after RNAi-mediated knockdown of HmLAR2
expression. Others have reported observing a reduction in
lamellipodial membrane in growth cones of retinal gan-
glion cells (RGCs) when either these neurons are plated
on a substrate bearing PTPµ [4] or when they are
exposed to the soluble ectodomain of another RPTP,
CRYPα [5]. In addition, dominant-negative mutations or
antisense knockdown of PTPµ both lead to decreased
neurite outgrowth by RGCs growing on a cadherin sub-
strate [4]. As both PTPµ and CRYPα are expressed by
the growth cones of the RGCs, these experiments
provide further evidence of a role for RPTPs in helping to
maintain the cytoskeletal integrity of growth cones. 
The intracellular domain of LAR has been shown to inter-
act with a number of molecules implicated in actin
cytoskeletal dynamics. For example, the LAR-binding
protein, Trio, can act as a positive regulator of the GTP-
binding proteins Rac and Rho, important regulators of
actin polymerization [19]. Additionally, it was recently
shown [20] that DLAR can bind to and dephosphorylate
the actin-binding protein Enabled, a protein implicated in
F-actin formation [21]. We propose, therefore, that
HmLAR2 functions in a signaling pathway that deter-
mines the formation and/or stability of the actin bundles
required for the formation and maintenance of filopodia.
In the absence of HmLAR2, the growth cones of a Comb
cell acquire a collapsed phenotype and are unable to keep
their processes growing in their normal straight, parallel
and non-overlapping trajectories.
Materials and methods
DsRNAs were synthesized and injected as described [22,23]. In situ
hybridizations were performed according to published methods [24].
Anti-phosphotyrosine immunocytochemistry was performed on whole-
mount embryos as described previously [6] using monoclonal antibody
4G10 (Upstate Biotechnology). 
Supplementary material
Additional methodological detail is available at http://current-biology.
com/supmat/supmatin.htm.
Acknowledgements
Supported in part by grants from the National Institutes of Health and
National Science Foundation (USA) to E.R.M. M.W.B. was supported by an
NSERC postdoctoral fellowship (Canada). 
References
1. Desai CJ, Gindhart JG Jr, Goldstein LS, Zinn K: Receptor tyrosine
phosphatases are required for motor axon guidance in the
Drosophila embryo. Cell 1996, 84:599-609.
2. Krueger NX, Van Vactor D, Wan HI, Gelbart WM, Goodman CS,
Saito H: The transmembrane tyrosine phosphatase DLAR controls
motor axon guidance in Drosophila. Cell 1996, 84:611-622.
3. den Hertog J: Protein-tyrosine phosphatases in development.
Mech Dev 1999, 85:3-14.
4. Burden-Gulley SM, Brady-Kalnay SM: PTPmu regulates N-cadherin-
dependent neurite outgrowth. J Cell Biol 1999, 144:1323-1336.
5. Ledig MM, Haj F, Bixby JL, Stoker AW, Mueller BK: The receptor
tyrosine phosphatase CRYPalpha promotes intraretinal axon
growth. J Cell Biol 1999, 147:375-388.
6. Gershon TR, Baker MW, Nitabach M, Macagno ER: The leech
receptor protein tyrosine phosphatase HmLAR2 is concentrated
in growth cones and is involved in process outgrowth.
Development 1998, 125:1183-1190.
7. Gershon TR, Baker MW, Nitabach M, Wu P, Macagno ER: Two
receptor tyrosine phosphatases of the LAR family are expressed
in the developing leech by specific central neurons as well as
select peripheral neurons, muscles, and other cells. J Neurosci
1998, 18:2991-3002.
8. Bosher JM, Labouesse M: RNA interference: genetic wand and
genetic watchdog. Nat Cell Biol 2000 2:31-36.
9. Montgomery MK, Xu S, Fire A: RNA as a target of double-stranded
RNA-mediated genetic interference in Caenorhabditis elegans.
Proc Natl Acad Sci USA 1999, 95:15502-15507.
10. Alvarado SA, Newmark PA: Double-stranded RNA specifically
disrupts gene expression during planarian regeneration. Proc Natl
Acad Sci USA 1999, 96:5049-5054. 
11. Misquitta L, Paterson BM: Targeted disruption of gene function in
Drosophila by RNA interference (RNA-i): a role for nautilus in
embryonic somatic muscle formation. Proc Natl Acad Sci USA
1999, 96:1451-1456.
12. Gan WB, Wong VY, Phillips A, Ma C, Gershon TR, Macagno ER:
Cellular expression of a leech netrin suggests roles in the
formation of longitudinal nerve tracts and in regional innervation
of peripheral targets. J Neurobiol 1999 40:103-115.
13. Timmons L, Fire A: Specific interference by ingested dsRNA. Nature
1998 395:854.
14. Jellies J, Kristan WB Jr: The oblique muscle organizer in Hirudo
medicinalis, an identified embryonic cell projecting multiple parallel
growth cones in an orderly array. Dev Biol 1991, 148:334-354.
15. Fan J, Mansfield SG, Redmond T, Gordon-Weeks PR, Raper JA:
The organization of F-actin and microtubules in growth cones
exposed to a brain-derived collapsing factor. J Cell Biol 1993,
121:867-878.
16. Igarashi M, Strittmatter SM, Vartanian T, Fishman MC: Mediation by
G proteins of signals that cause collapse of growth cones.
Science 1993, 259:77-79.
17. Luo Y, Raible D, Raper, JA: Collapsin: a protein in brain that
induces the collapse and paralysis of growth cones. Cell 1993,
75:217-227. 
18. Desai CJ, Krueger NX, Saito H, Zinn K: Competition and
cooperation among receptor tyrosine phosphatases control
motoneuron growth cone guidance in Drosophila. Development
1997, 124:1941-1952.
19. Debant A, Serra-Pages C, Seipel K, O’Brian S, Tang M, Park SH,
Streuli M: The multidomain protein Trio binds the LAR
transmembrane tyrosine phosphatase, contains a protein kinase
domain, and has separate rac-specific and rho-specific guanine
nucleotide exchange factor domains. Proc Natl Acad Sci USA
1996, 93:5466-5471.
20. Wills Z, Bateman J, Korey CA, Comer A, Van Vactor D: The tyrosine
kinase Abl and its substrate enabled collaborate with the receptor
phosphatase Dlar to control motor axon guidance. Neuron 1999,
22:301-312.
21. Laurent V, Loisel TP, Harbeck B, Wehman A, Grobe L, Jockusch BM,
et al.: Role of proteins of the Ena/VASP family in actin-based
motility of Listeria monocytogenes. J Cell Biol 1999,
144:1245-1258.
22. Kennerdell JR, Carthew RW: Use of dsRNA-mediated genetic
interference to demonstrate that frizzled and frizzled 2 act in the
Wingless pathway. Cell 1998, 95:1017-1026.
23. Aisemberg GO, Gershon TR, Macagno ER: New electrical
properties of neurons induced by a homeoprotein. J Neurobiol
1997, 33:11-17.
24. Nardelli-Haefliger D, Shankland M: Lox2, a putative leech segment
identity gene, is expressed in the same segmental domain in
different stem cell lineages. Development 1992 116:697-710.
1074 Current Biology Vol 10 No 17
RNAi of the receptor tyrosine phosphatase HmLAR2 in a single
cell of an intact leech embryo leads to growth-cone collapse
Michael W. Baker and Eduardo R. Macagno
Current Biology 25 August 2000, 10:1071–1074
S1
Supplementary materials and methods 
Double-stranded RNAs were synthesized and injected as described
[S1,S2]. RNAs were complementary to contiguous cDNA sequences
spanning nucleotides 1–930 for HmLar2 (GenBank accession number
AF017083) and nucleotides 1–981 for leech Netrin (GenBank acces-
sion number AF101029). Before use, RNA precipitates were dissolved
in water and tested by native agarose gel electrophoresis in TBE and
stained with ethidium bromide. Single-stranded RNA species from the
same cDNA were used to confirm that dsRNA products were shifted in
their electrophoretic mobility. The dsRNA was brought to a final con-
centration of 0.5–1.0 µM in either an intracellular injection buffer (5%
dextran–fluorescein, MW 10,000, Molecular Probes; in 20 mM Hepes
buffer, pH 7.2), or added to an extracellular injection buffer of 2% poly-
ethylene glycol in Hepes buffer with 0.1% fast green to help visualize
the injectate. 
For injections, 9–10 day embryos of H. medicinalis [S3] were anaes-
thetized in a solution of 8% ethanol in sterile artificial pond water and
placed ventral side up in a sylgard coated dish (184 silicon; Dow
Corning Co.). Intracellular injections were performed using a com-
pound microscope equipped with epifluorescence in order to monitor
the progress of each injection. The dsRNA solution (1–2 µl) was
placed in beveled electrodes (20 MΩ; sialinized and baked to help
improve injection and remove possible RNase contamination) and
injected into CCs using positive pressure. For extracellular injection of
dsRNAs, the broken tip of an electrode was pushed through the outer
vitelline membrane and the contents of the electrode ejected between
the developing animal’s germinal plate and the yolk sack [S4]. For each
injection, approximately 1–2 µl of solution was ejected.
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